Abstract. In nearly all countries, technological changes in the field of digital media have raised great interest in procedures for testing students' performance by means of computer-based assessment. For extensive international tests (large-scale assessments) such as the Programme for International Student Assessment (PISA) or Trends in International Mathematics and Science Study (TIMSS), pilot studies with computer-based assessment were first carried out. In the context of national education systems, the question of feasibility plays a crucial role. Considering the framework conditions in Germany, scenarios for a potential nation-wide roll-out have been developed. Based on this, we evaluated the feasibility of technical and organizational factors.
Introduction
With the emergence of international school performance studies (e.g. PISA, Progress in International Reading Literacy Study (PIRLS)), large-scale assessments (LSA) are frequently used as instruments for monitoring school quality and accountability. The tests can be used for different purposes, e.g. for generating data for educational policy-making, system monitoring, quality management for schools and indicators for measuring the performance of students. Thus they are strategic assets of empirical educational research and policy.
Referring to LSA, computer-based assessments are computer-based procedures that can be used for large-scale school performance studies, learning level surveys or the examination of educational standards [1 -3] . They include software solutions as well as solutions with corresponding hardware platforms (e.g. mobile terminals such as a personal digital assistant (PDA), smart phones, or digital pens).
According to Hartig, Kröhne and Jurecka [4] , computer-based assessments (CBA) run on a computer, but can also be performed on a local area network or based on Internet protocols. Many empirical studies have been conducted to analyse the difference between paper-and-pencil and computer-based testing -with varying results (e.g. [5 -10] ). From Hartig, Kröhne and Jurecka [4] we can conclude that computer-based and paper-and-pencil tests are comparable if the same conditions concerning the items and the test parameters are given. What is missing are empirical studies on the technical and organizational feasibility of transferring computer-based assessments to large-scale studies.
Economical advantages of testing have to be contrasted with the development of a suitable infrastructure. If adequate equipment already exists in the schools, the costs of test distribution and implementation, evaluation and feedback of results will be kept within reasonable limits. The question of testing fairness is brought up as another disadvantage of CBA. Discrimination, due to cultural, ethnical or gender reasons connected with the level of computer skills, is feared, which would question the validity of the test.
However, many advantages speak in favor of computer-based testing. Standardization of tests (using identical parameters, instruction and evaluation routines) improves quality criteria (objectivity, reliability and validity). Due to the information technology base, quick evaluation processes and an adaptive test procedure become possible.
Since the last PISA study, several experiments for representing the existing assessment process with computer systems have been carried out. Hence, any feasibility study has to be designed as a multiple cost-benefit analysis including suitability for the task, requirements of the information technology (IT) infrastructure concerning information security and data protection as well as operations, user support, usability and accessibility of software. For our study design, the leading question was to identify socio-technical scenarios, which are suitable for analysing the feasibility of computer-based tests in large-scale studies.
Scenarios for Computer-Based Testing in Large-Scale Assessments
For assessing the implementation potential of different international approaches in Germany, five scenarios were developed. The timeline was defined as the next ten years. The evaluation of the scenarios focussed on organizational implementation as a part of the social subsystem. As a conceptual frame, we restricted the possible scenarios to the current activities in Germany for large-scale assessments. We considered VERA 3 and VERA 8, which are comparative assessments of student performance in all public schools in Germany in grades 3 and 8 in the main subjects of mathematics and reading. The tests are taken at the same time [11, 12] . Additionally, we took into account the assessment of educational standards identified by the Standing Conference of the Ministers of Education and Cultural Affairs of Germany (Kultusministerkonferenz). This is an assessment of a representative sample of students in grade 10 in the main subjects [13, 14] . Due to the sample size, the amount of simultaneous tests can be limited to 10,000 whereas the test formats VERA 3 and VERA 8 involve all students in these grade levels. The test setup always requires test administrators. The responsibility is divided between the organization of the test process and the management of the technological infrastructure, which can both be provided internally or externally.
In order to compare the demand for the IT network infrastructure such as bandwidth and server architecture, the potential number of participants (in parallel) needs to be calculated. As an assumption, we took the average number of classes per grade level and students per class. For VERA 3 in German primary schools, the average is three classes per grade level, with pupils evenly distributed across the grades and years. Per year, three or four classes of a grade are taught in parallel. The average class size is 22. As there is no central registry for IT infrastructure, we had to base the calculations on available numbers from 2008. Sixty-two percent of German primary schools (grades 1 to 4) were equipped with computer laboratories, and 82 percent with a stationary computer in each classroom. This can be summed up as nine students per computer on average [15] .
For VERA 8, the assumptions are extended to secondary schools. In 2008, 98 percent of these schools were equipped with computer laboratories. There was one computer available for ten students on average [15] . Based on the assumption of four classes per grade level with an average size of 25 students, schools with a total number of students of 1,000 have the technical equipment for the implementation of the tests. The calculated numbers for the national tests on grade level 10 are identical (although it should be noted that values for all school types has been simplified; there certainly are smaller schools, which provide the required infrastructure to carry out computer-based tests, whereas some bigger schools do not).
The more students participating in the test, the higher is the bandwidth of the local area network needed as well as a faster connection to the Internet. On average it can be assumed that a download bandwidth of 100kb/s has to be provided per test person. The upload bandwidth can be disregarded inasmuch as a low amount of data has to be transferred back. Thus, in the case of 100 simultaneous tests per school, a connection of 16Mb/s should be provided at the location.
The scenarios developed were based on extensive literature reviews of existing approaches in other countries. We conducted expert interviews with representatives of the test administration and included questions on transferability to Germany. Additionally, several German experts were consulted.
Evaluation Criteria
For the evaluation of the scenarios, we developed a range of criteria, which were selected on the basis of an extensive literature study of international cases. We investigated the computer-based assessment methods of 16 different countries including the USA, Canada, the Netherlands and Denmark (e.g. [16 -25] ). The first criterion was control over the process. This included the need for test centres to have an overview of the procedure from production to implementation to the return of the results (end-to-end) and the effect of this on security precautions and the assignment of responsibility in the case of problems. The second criterion was capacity and availability. This related to the amount of tests that could be taken simultaneously at one place and limitations, which arose concerning terminals, rooms, bandwidth, etc. The next aspect was standardization versus heterogeneity. How great is the reliance on hardware (memory, processor, graphic card)? Which are the (uniform) configurations at the location? For the analysis of the fourth criterion it was important to consider all legal requirements concerning information security (e.g. integrity, authenticity, availability, non-repudiation) and data privacy (e.g. active acceptance by users, control of access, admittance, availability and the principle of separation).
Furthermore, logistical aspects concerning preparation and implementation had to be taken into account. Questions like how are the devices ("virtual test booklets") transported to the test place and how are the devices securely placed, who ensures availability, who provides technical and administrative support at the location, who collects the devices and how are they transferred; these all arose in connection with this criterion.
One distinctive aspect between the organisational and technological scenarios addressed the qualification requirements for test takers as well as administrators and technical staff. This included programs for teachers and the test administrators as well as the provision of training materials for students. The last criterion was the cost aspect, including different cost categories of the scenarios, like direct costs (procurement, infrastructure, etc.) and indirect costs (support, insurance, etc.).
Scenario 1: Local IT-Infrastructure
In this scenario, the existing technical infrastructure of the respective schools was used, i.e. devices in computer laboratories or libraries. The tests were carried out in these rooms or in larger rooms such as the assembly hall or the gym. The software was provided either as a web-based application via the Internet or via a local mobile server using the existing local area network. Test administrators were needed for organization as well as IT experts for the provision, maintenance, setting up and restructuring of the infrastructure. The effort for the teachers stayed the same as in the case of paper-based tests. The identity check on students who took the test was carried out by local staff (teachers). Normally special measures (e.g. a check of an identity card) were not required. Existing IT infrastructure was assumed to be heterogeneous. Schools worked with different client-server systems, the software differed and the quality of the existing hardware varied from school site to school site. Ninety-nine per cent of schools had some sort of Internet access. However, the availability of local area networks was significantly lower: in primary schools approximately 60 per cent, in secondary schools about 84 per cent. Currently, there were no reliable data about the bandwidth of the internal or the external connections. The majority of schools in rural regions were connected to the Internet via a sponsorship program of Deutsche Telekom AG with DSL quality (1-10 Mbit/s). However, many larger cities served as network providers to their schools and offered higher bandwidth (10-100 Mbit/s per school).
Concerning the organisation, the main focus (analogous to the paper-based test procedure) was on the training of the test participants with decreasing effort in the higher-grade levels. The qualification of teachers concerning the handling of digital media differed very much depending on school type. Technical administration by teachers could be found in most secondary schools; in primary schools there was no such support. Depending on the local school authority, additional technical support was offered. Hence, this scenario needed to rely on high-skilled technicians at the local level.
Another challenge was the preparation and qualification of the test administrators. The existing paper-based procedures for the three selected tests in Germany were not administered centrally. Hence, support structures had to be provided, which implied additional resources. Furthermore there was a need for qualified IT administrators in the schools or at the school district to ensure the availability of the IT infrastructure during the test phase. This scenario deals with the use of adequately equipped rooms located in public or commercial institutions. Generally this scenario is conceivable in four different forms, involving computer laboratories:
• Of educational institutions (schools, universities).
• Of public institutions (centres for adult education, libraries).
• Of commercial service providers.
• Under school management.
The provision of the test environment can also take place in different ways. This includes the use of a web-based application on a central server via the Internet and the provision of this application on a mobile server using the local area network. Concerning staff, this scenario requires test administrators to secure the organizational process at the premises. Technical support can be provided by local IT administrators. Admission control is checked by mechanisms of authentication such as identity card control or knowledge control (username and password).
The implementation of the technical part of the scenario is the same for all test examples. The provision of sufficient workplaces in computer laboratories is a prerequisite for the simultaneous test of all participants. Based on the assumed average values, this means that a sufficient infrastructure has to be provided for 75 students in primary schools and 120 students in secondary schools. In metropolitan areas such as Berlin, 25,000 pupils would have to be brought to appointed locations to be examined at the same time. This appears to be an enormous expenditure. Thus the necessity of simultaneity is decisive. If time-shifted test formats are possible, this scenario would appear to be more realistic. Therefore we have to differentiate between the ways of testing; for a sample-based survey (such as the survey of national educational standards) it would be possible to find adequate test centres due to the limited number of test participants. As the tests are not taken simultaneously, a timeshift would be possible. Thus, not only the number of test administrators could be reduced, but also the search for test centres would be easier.
In the context of this scenario (except the provision of special rooms in a school) an internal network and broadband Internet can be expected as well as the protection against failure and the adequate provision of spare devices. More expenditure is generated by the organisation of the tests. Logistics especially (acquirement of capacities, allocation of resources, transport and supervision of the students) should be considered. Central training of test administrators in test centres could reduce the workload for teachers.
In summary, the logistic expenditure in primary schools (VERA 3) is highest with regard to transport and supervision of the participants. It decreases with increasing age and grade level of students (VERA 8). 
Scenario 3: Mobile Test Devices
The use of mobile test devices by test participants is logistically a digital version of paper-based test booklets. Test administrators have to transport the necessary infrastructure to the test locations and these are distributed to the test participants and collected after completion. Laptops, netbooks or other mobile devices with touch screen technology like tablets could be used as client systems. The test application is provided either by proprietary installation on the devices or by provision via the Internet or the use of mobile servers. When provision via the Internet is chosen, the local network has to be accessible. This requires corresponding network bandwidths. For this scenario it is necessary that test administrators provide technical and organisational assistance. The identity check of participants can be carried out by local staff. From a technical point of view, the provision and acquisition of the required infrastructure is the critical success factor. If we refer to the numbers of 2008, on average 75 devices per primary school and 120 devices per secondary school have to be provided. Logistical issues especially concerning the delivery and collection as well as the subsequent use of the devices have to be considered. Additionally, the procedures for organizing the return of the test results have to be considered. When the mobile devices are used within the school, the test data have to be collected, saved and analysed centrally. This produces high technical and organisational expenditure.
The local technicians are responsible for the provision of the basic infrastructure. This includes the availability of enough electrical connections for recharging the client systems and the possible use of the existing network infrastructure including Internet access. In this case, Internet access and the local area network (LAN) in the schools have to be regarded as a second critical success factor. A wireless LAN especially has to be provided for the mobile devices. Currently, there are no data available on the diffusion of wireless LAN in German schools, but it can be assumed that wireless LAN is not available in all locations -in primary schools even less. To use this scenario for comparative studies, the local infrastructure and the Internet connections in primary schools have to be expanded. From an organizational point of view, sufficient training of test administrators has to be ensured. Due to the variety of the client systems, training on the use of the software, the basic handling of the device and trouble-shooting has to take place. The training of test participants is similar to that in previous scenarios.
Scenario 4: Use-Your-Own-Device
The concept "use-your-own-device" addresses the fact that more and more students have access to individual mobile computers. According to Medienpädagogischer Forschungsverbund Südwest [26] , 80 per cent of young people in Germany aged 12 to 16 years have a computer or laptop of their own. Hence, test participants could use their own hardware. It would be essential to ensure that hardware is operational, i.e. a definition of minimal requirements is needed. This has to be done before tests are conducted, e.g., by a previous certification of the hardware by test administrators at the location. Apart from these requirements, this scenario is similar to Scenario 1, except that the school computers are replaced by private hardware. As a second, more visionary sub-scenario, private computers could be used for testing in a familiar environment at home. In this case the test environment is provided with a web-based application via the Internet. In order to ensure equal access and use, test administrators are needed to train the participants. Technical support can be provided through a central point of contact (hotline, or service desk). The key success factor in this sub-scenario is authentication: it could be effected by knowledge control (password) and, if applicable, by biometrical features (fingerprints, or iris scan). Even using the new German electronic identity card could be considered. Furthermore, it is necessary to ensure that the participants work on the test individually and without help, according to the test instructions. This is possible by visual control via the network infrastructure and reliable applications (e.g. camera), though this will directly influence minimum requirements for the hardware. Additionally, the intrusion into private homes may have implications for privacy.
From a technical point of view, the question is if and how far the test participants have a suitable infrastructure available in their private environment. Although in 2010, 81 per cent of German households had a stationary or a mobile computer, this does not show whether this equipment meets the requirements for electronic testing. Furthermore, it was recorded that 73 per cent of the households had Internet access. The bandwidth varies between German regions (Statistisches Bundesamt Deutschland 2010) [27] . Additionally, access to computers and the Internet varies in relation to the income of the households. In a survey in 2008, only half of low-income families had a computer with Internet access (Statistisches Bundesamt Deutschland 2009) [28] . Given this, it is a legal question as to whether a test can be mandatory when privately owned devices are a prerequisite.
Another challenge is the standardization of the test conditions in terms of hardware and software in order to provide a fair test. It is hardly possible to standardize the types of privately owned devices as well as the bandwidth of the Internet connection. 
Scenario 5: Digital Pens
Technically, digital pens are a combination of an input device (pen and camera) and the corresponding digital paper. Digital pens look like conventional pens with an integrated digital camera filming the environment of the pen tip and thus registering where the pen is used. By means of corresponding software, forms are generated and printed as a greyish grid on paper. This is possible with a common laser printer. With the help of the grid, the camera and the special software, it is possible to identify the exact location of the pen tip. The user fills in the sheets in the conventional manner; the digital pen records the entries (pictures and text can be recorded as well). The content can be transmitted via Bluetooth or a docking station. The previously defined documents allow the data to be automatically entered into a database. This approach has been used already in higher education for small-scale assessments (e.g. [29, 30] . The advantages of digital pens are obvious: there is no need to train participants, the school staff and the test administrators. The pens are easy to deal with and relatively cheap (less than 100 Euros). Scientific formulas, continuous texts and handwritten commentaries can be recorded as well as audio annotations. The algorithm for character recognition works best with multiple-choice questions. Therefore the pens and the test booklets can easily be handed out and collected.
Up to now, however, the technology is not mature enough to deal with complex applications in real-life environments. The pens have been tested during elections or in health care scenarios [31] but could not meet high security requirements. Storing of changes on a page or returning to previous pages especially cannot be ensured. Although the devices are cheap, costs for licences for pattern generation on the paper are high. Distinctions are made between unique patterns and copied patterns. The former are reproduced for each page and therefore allow a direct assignment between the pen (user) and the page -and have to be paid per page. The latter can be copied as often as necessary, but then the user has to mark in the booklet on which page he/she is working. The first model is expensive; the second model fails in terms of usability.
All in all, despite all obvious advantages of the technology, it is not yet sufficiently developed for the use in computer-based assessment because of technical problems and resulting organisational difficulties. 
Conclusions
Some of the German experts we consulted said spontaneously that in their opinion computer-based large-scale assessments would not be feasible in Germany in the foreseeable future. Although they agreed on the potential it held for adaptive testing for high-stakes needs and for the motivation of students, they were sceptical as to whether the necessary cooperation between the federal authorities and the states and among the local authorities in the states could be effected, considering the federal education system. This reflects the special situation in the German education system with its separation between internal and external school issues. Neither the federal authorities nor the federal states can determine the IT infrastructure and provide technical support. They can only define requirements on the basis of curricula or via legislation, which have then to be implemented by the local school authority. If the states assign new tasks to local authorities, they need to provide the necessary funding. This requires complex negotiations between the state and the local education authorities. In some of the international cases, the implementation of computer-based testing initiated large-scale equipment programs for the schools. Whether such a strategy could be implemented in Germany is doubtful. Direct funding of schools by federal authorities is hardly possible and also requires a coordination process, as the local authorities will then have to pay all running expenses. The results of the international comparison as well as the scenario-based assessment of the organisational framework conditions offer a more optimistic perspective. However, the positive effects of computer-based test procedures can only arise if basic questions of data privacy, information security, and accessibility can be clarified by software manufacturers, and if local education authorities responsible for providing the IT infrastructure are involved in the concept at an early stage.
For the use of IT infrastructures in schools (Scenario 1), two preconditions have to be fulfilled: first, schools have to be provided with appropriate equipment; and second, the local school authorities have to organise the required IT support processes. During the coming years, the IT infrastructure will increase and central IT services (e.g. utility computing in the cloud) will be available. These could then be used for CBA.
With test centres (Scenario 2), these problems could be solved, but here logistic requirements concerning transport of pupils and an urban-rural divide will arise. Due to high costs, it will hardly be possible for test organisers to build up test centres of their own.
Mobile test devices (Scenario 3) are also not suitable for large-scale tests, as they depend on the unreliable local infrastructure of the schools and are expensive.
The vision of "use-your-own-device" (Scenario 4) in the school context may be fulfilled within the next ten years. How far students will (want to) really have their own devices used, and if those will be suitable for computer-based tests, cannot be predicted. In any case, the test organisers, the schools and the local school authorities will have to bear any additional costs to make available the appropriate network infrastructure and the necessary technical support.
When the software for digital pens (Scenario 5) has reached a higher level of maturity, this will be a serious alternative, even if the cost saving compared to the paper-based tests would be rather low and adaptive test procedures could not be carried out. Thus, none of the five scenarios are realizable today.
Computer-based testing for large-scale assessments is a complex socio-technical system, which can only be realized by systematic planning and intelligent collaboration of test provider, software producers, local school authorities, state departments of education and schools.
